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Measurementis have been obtained of the pre&#ﬁ?‘fé Y ‘?E;T‘f‘\m,
fluctuatior.2 under the turbuient, separated region ahead of
& forward-facing step at Mach numbers of 3.01 and 4.54.

These pressures are signiiicantly larger than the pressures

' N produczd by an attached boundary layer The data can G
: %\\ interpreted as showinyg that the presse  fluctuztions origi-
5\?2 NN nate {rom two distinct causes; fluciuations due to changes
M Ry in the geometry of the separated region and fluctuations due
E R\\ N to the turbulent frec shear layer. The levels te be expected
; - from ecach cawse can be estirnated from a simple mcdel,
: Prrhoc

INTRODUCTION

HICROFILM $

Thig paper presenta uome‘meaumwemenn ol thcl'ﬂuczuatf.ng pressgure
.field associated with a aeparited, supersonic, turbulent boundary hycri

The nonsteady forces associated with turbulent fiows have become of increas-
ing interest in recent years o ing to the fact that flight vehicles are operated
in flow regimes with large dynamic pressures and are subject, therefore,

to larg. fluctuating forces. The pressure fluctuations produced uy ~tlached
turbulent boundary layers have been studied extensively and are understood
well enough that reasonable estimates of their levels can be made. Ik is <
alzo important, nowever, to understand tne nonsteady forces caused by
scparated flows since most vehicles have separated flows over at least part

of their boundary. Theso separated regions exist for a variety of causes;

This paper presents resuits of one phase of research carried out i: the Jet

Propulsion Laboratory, California Institute of Technology, under Contract
No. NAS 7-100, sponsored by the National Aeronautics and Space Administre-
tion.
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e.g., deﬂectcd control surfaces or 4 shock wave zmpmgmg on the surface
Our understanding of -eparated ﬂows is not sufficient for estimating the
ﬂuctuatmg forces associated with them, not oniy because of the ever-present
probiem of the turbnlém:e structure but aiso because the mean flow itsell is
rot uaderstood. ,

 This lack of understanding, as well as the fact that separated regions
are ptéduced by a great variety of boundary coaditions, makes it very diffi-
cult to select a particular example for study that wili yield results of same
_u‘nivers_aliiy. The peparéted fliow studied in this paper, the flow ahead of a
forward facing otep ina super'sbnic strleam', was selected for experimental
' convenienbe,and for the fact that extensive studies have been made oi the
1,2 Onily sufficient mean data had to be taken to establish
that the flow was basxcaliy the sarne as tha. studied by othexs, and then the
investigation could be limited to the nonéteady features of the flow. In both
" Refs. 1 and 2 it is stated that the fiow is unsteady, but no quantitative |

measurements of this cumponent of the fiow were obtained.

mean flow field.

I. EXPERIMENTAL ARRANGEMENT

Thg "ﬂowrinvestigated was the side wall boundary layer of the SPL
20-in. supersonic wind tunnel; the separation was produced with a siep
-obstruction on the wali. Pressure instrumentation was availabie for '
oluaxnmg the ﬂuctuatmg component of the pressure on the wall with a uni-
form {frequency response out to 200 kc.  The sensitive element was a pxezo-
electric disk Q.) m, thick amd 0.1 m.du..smtab&y mounted for dominant sensi-
tivity to preawre o ita suxlace. 3 The pressure trannducer location was
~ fixed, and the wall pressurs distribution on the center line of the sepaxatad »
regzon was obtainad by moving the utcp along the wall in the stream direction.
The mean atmc pressure on the wm was measured with & Statham gauge
at the saine otreamwina loca.tion as the preuure tram.sducer. The movable

Ghapman. D.K., Knchu. D, M., andlnroon. H K.. NACAM 1356, 1958,
zBogdonoff S.M., Heat Tranafer and Fluid Mechanics Instituts, Prcprinn !

. of Papers, University of Califorsia at Los Angeles, 1955.
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siep ’was a piece of angle‘ iron two in. high and ten in. wide. The bearing
8 _smrface between the step and the tunnel wall was sealed with a tefion ;trip
59 that no leakage ‘occurred under the step. '

‘Measurements were made for freestream M ch numbers of 3. 01
and 4. 54. The total pressure was 160 cm-Hg in bot& cases, and the total
- _temperature was aboui 100° F The boundary iayer thickpess ahead of the
 scpazrited region was 1. 50 in. for the M = 3.0l {low, and 2.05 in. for the
M = 4. 54 flow. The history of these boundary layers was such that they
~ were approximately equilibrium, flat plate, turbulent boundary layers at
the: uparatmu pomt _There was no ngmﬁcant heat transter to the flow,

—— - e - e e - e

iI. RESULTS

A.  The Mean Pressure on the Wali
A The mezan statié pressure on the wall as a function of the distance
fromn the face of the step is shown in Fig. 1 for doth experimentiﬂ cases.
‘The mechanical lmta of the step motion prevented any measuremenis for
x >10 in. 50 that the pressure near the separation point for ine M = 4.54
flow could not be obtained, x is the distance from the step face. For the
~ geometry used here, the preseure distribution is a function of tke Mach
. number, the boumdary layer Reynolds nuiaber, the ratic of the step height h

10 the _boundary layer thic_knen , and the end conditions for the step, The

o step used here spanned half the tunnel width and was five times as wide 35

B it was high. Chapman; Kuehn, and Larson obtained data for very large

ratios of step width to he;ghe ‘with ratios of b/ approximately the same ag A
those precented here. The boundary layer thicknesses were not included in
| then' report but were obtained from Kuehn, 4 where esaential& the game
“model was used. Bogdonoff has obtained data for a step of about the same
aspect ratio as the oab used in this report, but his otep' spanned the tumncl
} 20 that the end couditmns ale not the same as those encountered Lere. A

. comp&rilon of the mean pnuuu distributions for sumlar valuee of the
', | relevant paumotcre is shown in Fig. 2. 1'-"l is the pressure upstream of the
sepatatwn point The three cases show the known features of tho mean

" Tuean, D, Nagsk .uma. 1-21-59A, Fobruary 1959,
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pressure disiribution ahead of & forward facing étep The pressure rises
rcspxdly near the separation point and then more siowly as the first maximum
iz aporoacheu. After this peal, pp, the preesure dips a little and then
rises again unmedxately ad,;acent to the step face. The vesults obtained by
Chapman, et al, are guite similar to the 1 esults obtained here, parncmax’ly
with respect to the pressure gradient near separation. RBogdonoif’s data
show a d;fferent shape in this region, 3 result most probadly atirioutabie to
the eifects of the tunnel side wall boundary layers. _ ,

The data obtained here have a sha{pe near separation that displays a
pressure “radient near the muximum of that obtained by others.

B. The Fluctuating Pressure ‘
Three types of measurements were made of the ﬂuctuazmg pressures
‘at the wall, The mean aquare ﬂuctuaaon level was obtained for both the
M = 3.01 and the M = 4.54 cases. The power spectra of the M = 3.01
fluctuations were measured at several points within the separated region,
Finally, the space~time correlations of the wall pféssure fiuctuations were
measured for the M = 3,01 flow. Near the separation point, i.e., in the
regiod where the mean pressure gradient is a maximum the qualit:itive _
ieatures of the pressure ﬂuctuanons were observed to differ from the features ;
well within the separated regmn. Away from the separation point, the time
history of the pressure at a point, as observed on an o»cilloscops, appeared
as a normal turbulence signgsi {i.e., as a finite band width white noise). Near
the separation point, the signal showed a distinct on-off character. In this
region the signal could best be described as & white noise stpenrﬁposed on
a random square wave whose amplitude was larger than that of the noise. 'l’hc ’
frequency of the square wave was connderably smaller than 1 ke, and by
removing the freguency components below 1 kc with a high-pass filter, the
signal was converted to an appearance similar to a white noise with a,h;gh
percentage &quare wave modulation. This showed that the highefrequency o
component of the sxgnal had different amphtudea on the two levels of the
square wave.
Measurements of the mean square preuu'e fluctuation levels were
obtaimd both with and without the square wave {iltared out for tlw M =3, Ol

flow. For the M = 4.54 flow, measurementa ware made only: with zhe ,
square wave iutercd out. ‘ 7

AT




. These data are shown in Fzgs. 3 and 4 intwo dxfferent ways..
In Fxg.}»the. data ara shown as the ratio of the rms pressure level p'
fo the level px of the unseparated boundary layer zhead of the separ~
at_qd regionf In Fig. 4 the data are compared to the mean pressure P

to show the act\;ﬂ_ range of pressure variation at a particular point in the
flow. The rms pressure ﬂ,.uct_ua;tion level for the aitached boundary layer is

-about 57 at thcse;Ma«:rh numberas, where T is the local mean wall shear.

The skin friction coefficient ahead of the separated region is estimated to
be about 0.001 for both Mach numbers. Consequently p‘/px =z 0.031 for

—MsSOl ar»dp’/p‘ =0.072 for M = 4.54.

Spectra were measured in the M = 3. 01 separated flow at x = ].55 in.,
= 6.06in,, “and also abead of the separated region. These spectra are

vshown in Fig. 5 plotted against a nondimensional frequency. in order to
“make the relative shipes more apparent, the ordinate is constructed so that

the areas under the spectra are equal. To get the actuzl power spectra of

the preuure these spectra should be normalized and then multiplied by the -
value of p' corresponding to the particular location. It is apparent from these |
spectral shapes that there is relatively more Vengrgy at the low irequencies .

in the separated region than in the attached boundary layer. The various
spéctra are not similar (affinely related). No spectra were obtained near

- the separation poiat since here a 'signiﬂ’camt fraction of the energy was below

1 ke, and the large fluctuations in the spectra at these low frequencies made it~

. difficult to obtain quantitative measurements, The measured spectra show
- thas well within the separated region there is not much energy below 1 k¢

{£6/u =0 .06). Thie fact is also borne out. by ke p' measurements presented
earlier, since well weithin the separated region, no measurable difference
occurred when the ‘signal was cut cff below 1 kc.

¢ p(x.y.t) is the instantaneous pressure fluctuation at the position

- %Y, then the space-time correlation measured here is defined as

$pDniox, at) = {pix + Ay, t+ atkpix,y, 1)

whcu () dmwtu a time avcugo. x is h the otnm diucuon. Spacc-umc

o corromn ware momnd by two puum-o transducers separated by x/a in.




The results of these measurements are shown in Fig. 6 for two differer..
locations within the M = 3,01 separaﬁed flow. Following the practice zor
attacked boundary layer measurements, a convec:ic;ﬂ. U is defined as the
Quotient of .ne transducer separation A x and the tme deiay at the maxi-
mum of the correlation, This velocity is also shown in Fig. 6. It is known
that the convection speed for the attached boundary iayer at this Mach num-
ber is 0.6 of the free stream speeds. This value is aiso showwn in tihe figure,

Tke rernarkable thing about these results is that the convac.ion speec for the

~+ eparzated flow, which can be roughly described as the spee” . the turbulent

eddies most efficacious in producing the wall préssure, is in the direction
of the external stream. Since the flow at the wall in the separated r:gion is
¢n the ave}age in the ‘opposite direction, the pressure fluctuations move in
a directicn opposite the local mean velocity,

LI, DISCUSSION

A, The Pressure Near the Separation Point

The measurements of the mean and fluctuating components of the -
wall pressure in the neighbo:hood of the separation point presentzd in the
preceding section can be combined into one consisteat picture. The most
striking feature of the measurernents near :isparation was the qualitative
behavior of the signal. A sketch of this signal is shown in Fig. 7. The
pressure Jumps back and forth between the levels P and Py and at each
level the pres&sure oscillates with an amphw,de characteristic of that level.
The simplest explanation for such a behavior is that at any instant the
pressure distribution alohg the wall is a step function, with the lower value

Py in the region ahead of the separation point and P; in the separated tcgion. |

- If the loca.tion of this jump is not stationary but moves about over a restric-

ted ra.nge the pressure at som: point in this range would have the general
features that were observed. "The measurements are explained quantita-
tively by the caiculations below. The various pressure levels are defmed
in Fig. ", pl and P, are the mean pressuras on ‘the bottorn a_ud top cf the
step (i.e., the means computed only on that set of times when the high or
low pressure region of the step is present). The instantaneous: fluctuaticns

~about thes# means are. denoted by p1 and pz, rospectively. ¢ is defined as

the fractmn of nmc tha.: the hlgh pressure regxon is over the point of interest;

. ) - . 3 . - v
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therelore, (1 - ¢) is the fraction of time that the low pressure region is
over this point. It is assumed that p1 and 1::2 are uncorrelated with each
Gther. It then foliows that.

- - e

The mean stanc pressure at the point of interest is

P=ep, + (1-clp )

‘The mean square fluctuation around the mean pressure is.

pf sl - ey - pP + ap? 4 (1 - aapt? (2)

The mean square pressure level when the low frequency step is
Lltered out is :

p'z (filtered) = tp:.,_z + (1. ()p‘lz-. (3)

Therefore, ¢ can be obtained from the mean pressire measurements, i.e.,

(p/pl -

i (4

- and the other quantxuea can be predicted by the relatxons given above.

A P, was selected that gave the best {it to the computed p' & and

- and pz was selected corresponding to this value of Py This value of 7,

was seen to vccur at the location of an inflection point in the mean pressure

curve. This second inflection occurs betw_@ean the steeply rising portion of

the curve and the hump containing the peak preesure. This second inflec-
tion is present in most of the meusurements of the mean pressure distribu-
tions for a step flow (i.e., in tho data of Chapman. Kuehn and Larson).
Since the flow studied by thom was reasconably two dimsnsional owing to <he

larges mput ratio of their madel, 28 relatioaship botweesn flow deflection

and Ppressure clnngo should be ;im by two dimensicual theory. Ifi: is
urmodthuthc mmmumdwmmmmmw




,the line between the separation point (the first inflection) and the zorner

of the step, thexn the computed pressure behind the shocl: wave associated
with this deflection is roughly that at the second inflection of their dat~. |

The results of the calculation of the iow frequency fiuctuation
levels on the batis of the mean measurements are shown in Fig. 8. It is
seen that there is good quantitative agreement between the measured and
computed results. The small differences can most probably be attributed
to the fact that the step function does not have precisely square coraers.

If this low frequency unsteadiness of the pressuire near tae mean
separation point is caused by motion of the instantzneous location of the
separation point, as the data certainly suggest, then the cuestion arises as

to what causes this motion. One possibility is that it is the result of an

‘acoustic oscillation of the entire separated region as is sometimes observed

in cavity flows”, However, two pieces of evidence discredi: this expl:mazzon.
One would expect such an oscillation to be reasonably periodic anc to pe
cetectabie at ail points within the separated region. The spectra obtaiaed
within ine separated region, however, showed no eviden:ce of a st: ong low
frequeacy (less than ! kc) energy concentration. An acoustic oscillation

wou.d 2180 be expected to be reasonably well oiganized across the width of

the separated region, mainly because of the reflection from the fiat face of

the step. Schlierren pictures taken parallel to the separation line {z-directiox),
however, do rot show any organized pattern within the separated region, It
seerns iikely therefore, that an acoustic mechanisr. is not the dominant cause

of the separation point motion.

Asiother possible explanation for this n otion is that ine dividing sur-

face is randomly disterted in the z-direction. This mnjecture is supported

by the fact that the niction of the separation point is not observed ia cizher
#till or moticn p.ctares of the flow. The extent of this region {almost the
entire rejiow of the steep pressure rise) is big snough compared to the hound-
ary layer thickaess that it certainly should be visible if the motion were uri-
form over the width of the separated region. A random variation in the ;
z-directica of thi: separation point, howeves, would be averaged in a picture
normal to the flow. Furthermors, a cross stream distortion of the flow is

;grichmmrtj. K., NACA Technical Nots 3487, 1955.




a piausili2 explanation of the observed eflect since iz this superssnic flow
any perturbation that would increase the deflection angle of the dividing
surface weould increase the local presssure; push aside the slowly moviag,
low denasity recicculating fluid and increase the perturbation. Measure~
meats by Kuehn4 have shown that a supersoric turbulent boundary layer

can support a larger prassure rise without aepérating than that encountered

>e .
I3
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for the step _.ow, so that some motion of the separaticn point is

%$

without contradicting his measurements. The motion of the separation
point is limited because if the angle gets too large, either a new separation
bubble is formed ahead of the old one or some 2thear mechaaism intervenes..

B. The Pressure Inside the Separated Region

"~ The wallpressuras inside the separated region and away from the
aeparation point'seem to be caused by the turbulent activity in the free shear
layer near the dividing sireamn line. The fact that the convection speed is
in the external fiow direction and is of about the same size as that for an
mchted boundary layer clearly implies this. The nonsimilarity of the |
- spectra shows that other mechanisms are also operating in certain regions,
but they aj.pear to be secondary influences on the wall pressure ccmpared
to the free shear layer turbulence.

The pressare fluctuations on the wall are related to the forces
necessary to balance the momentum directed perpendicular to the wall in
the turbulent motion. For an attached boundary layer, these forces are
proportional to the mean turbulent shear. The preasures occurring for
the separated layer are likewise related to the normal turbulent mom:entum
and most probably are proportional to the shear on the free sheaxr layer.
‘The proporticaality factor, however, depernds on all the variables charac~
terizing the flow since the presence of the recirculating flow modifics the
| . pressure distribution on the wall necessary to produce a given force. The
geometry oi this region as well as the dynamica.l properties of the flow -
~ depend oz M, h/6, etc. The level of the shear itself in the free shear

- layer must depcnd somewhat on thue vanablec. '
~ The usvmpnon that the pressure fluctuation is related o the shear
’ in the same way as for an attached boundary hyer leads to an estimate of
p' betwesn 0.05 and 0.1 of the mean dynamic presaure, q. The incom-
.prcaaible valuo for the shsar coefficient on the dhnding lire of a fully
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developed free shear layer is in the range from 0.01 to 0.02. This value
decreases slowly with M according to most investigaters. For the mea-
surements here where Cf = 0.001, p‘/p'1 is between 10 and 20, which is
in the range of the measurements. Since for the flow considerad here, it
is unlikeliy that the shear layer is fully developed, the aciual shear coei-
ficient probably lies between that for an attached boundary layer and the
range stated above. The buffer of recirculating air (between the active
turbulent region and the wall which permits partial cancellation of adjacent

plus and minus pressure fluctuations) would also be expected to decrease

me—__the pregsure fluctuation level at the wall compared to that which would be

obtained if this " dead air" were not present. Perhaps the faci tha: the

convection velocity is about equal to the sound veloczty throughout thae

recirculating region and at the wall inhibits the cancellation effect at these .

high Mach numbers.

N

" If the interior fluctuations are produced mainly by the turbulence ia
the shear layer, one would expect to encounter high levels also in wake
fegions, The only available measurements of this case are those of
Eldred6 whe made rneasurements at subsonic speeds behind a bluif body.
His results showed only a small increase of the pressure levels due to sep~
aration over those for an attached layer.

Cne possibie explanation for this result within the framework
sketched above is that for subsonic flows, the dead air space does decreasc
the wall pressures by permitting the pressure field produced by a given
momentum change to cpread, or, alternatively, by a.llowmg adjacernt high
and low pressure producing regions to partially cancel.

Ir order to construct a theovy for the transpost properties across
a separ;ted region, it is necessary to have some model for the eantirc flow.

~As one part of this model, it is necessary to make assumptions about the
properties of the recirculating flow region. It is useful, therefore, to

examnine the relative size of the pressure fluctuations in the recirculating

region compared to the mean dynamic pressure of the recirculating'ﬂc;{v L

in order to establish uhethar a steady model for thxs region is a gooad
approximation.;

6Eld*ed K. McK., Journal of Acoustic Socmty of America, Vol. 33,
January 1961 .




Measurerrents of the reverse fiow are difficult tc onlain, Sut sorne
rough measurements by the author and by others indicatc that the maxiraum
reverse flow velocity is in the rarge ot frem 0.2 to G.4 of the velocity
outside of the free shear layer. For the approximately adizbatic flow cone
sidered here, this implies that the internal flow is subsonic with respect

to the boundary and that its static tempervature is approximately equal to

the {ree stream total temperature. Tais assumption has some experimen-

~tal bac’' ing and ic consistent with the assumption that the turbulent Prandtl

number is near one. If the internal velocxty ig denoted by U the ¢xternal
velocity by U » and the internal and external densities by - p , and Po
then the mternal dynamic pressure is given hy '

/\ 2
p: U, 1 UZ
qi=-—1-i‘-63- fpo o (5)
o\ o

»

Uo and P, are calculated for the condition behind the shock wave that
appears near the separation pcint. The mean pressure inside the separa-
tion region is assumed near the peuk pressure, p_, defined eariiex. The
distribution of the pressure fluctuaiion levels, excluding the re7ion near tue
separation point, has a shape similar to that of the mean pressure. The
locaticn of the peak is not the same, however. If the peak value is taken as
characteristic of these levels, the z:ip2rimsntal results give ' /p'l = 1

for M = 3.01, and p'/p’l =12.8 for M = 4.54. A tentative calculation
shows that if U, /U is taken ac 0.375 for the M = 3.0] flow, q; is equal

‘to the peak pressure fluctuation level. Using this vaiue of U, /U tc com-

pute the value of the peak fluctuation level at M = 4.54, it is fauna that
'/pl = 12.3, which is close to the rneasuved value This calculation
shows that the fluctuations in pressurc within the separated region are of
the same order as the mean dynamic pressure within the separated region.
Suck a large value for p' compares. to N indicates that the internal flow
can change direction, and that the w7 is sufﬁcxently agitated that the
nonsteadiness should be included ir any hea: transfer or other transpost

- calculation for the separated. flow.

) A question raised by the present ze8its is: Whu is the form of the pru-‘
mt&dhtrihuﬁon asiks :up h(g}..-"a-boundary layer tnickm:u ratio goes to




infirity? If the distribution is controlled by the motion of the separation
point, whick in turn is related to some gross features of the whole flow,
the pressire distributior near separation would be expected to scale wita
h 2as h/6 goes to infinity, Alternatively, if the distribution is a so-called
frec interaction, it would scale with & as /6 goes to infinity. Existing
published data do not cover a sufficient range of 5/6 to give an answer to
this question.

Of practical importance is the question whether anything can be done
to limit the force fluctuations caused by a separated fiow a: supersonic ,
speeds. If the conjectures concerning the low frequency buffeting are true,
it might be possible to minimize this component of the force by fixing the
iocation of the separation line. That is, it might be possible to "trip* the
separation by a small ramp so that the high pressure region has a fixad
ar¢a and, consequently, does not contribute an additional Juctuating force
"o the vehicle by movi.g about, The fiuctuating pressures oc curring well
w.thin the separated region seem to arise irom the combined action cf the
turbulent shear layer and the recircuiating flow, so that it is unlikely that
trhere exists a method for drastically modifying these levcls other than by
avoiding the separation itself,

IV. CONCLUSIONS

Associated with a separated re‘gion on a vehicle in a supersonic
siream are large time dependent forces. On the basis of data presentsd
Lere, these forces can be resolved into two components; a low-irequency
buffeting zaused by changes in the geometry of the separated region, and
a wide band fluctuation apparently originating in the free shear laver of
the separated region. The magnitude of the loadin o Produced by each corn-
ponent can be estimated on the basis of a plausible anz.ysis preseated
here, but it is clear that much more experimental work is required‘;:;efore'
any reliable caculation scheme can be constructed.
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FIGURES

Mean pre.sure distributions for the two experimental caces
Comparison of mean pressure distributions for approximately equal
values of M and h/§

The rms pressure fluctuati n levels

The pressure fluctuation levels compared tc the mean pressures
Shapes of the power spectra of the pressare fluctuaticns {the zreas
under the spectra are equal)

Space-time correlations and the convection speed within the separated
region

Sketch of the time variation of the pressure at varioas points of the
separated regicn '

The pressure distribution near the separation point
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